Magnetic anisotropy in hole-doped superconducting Bao.67Ko.33Fe2As2 probed by 

polarized inelastic neutron scattering 



O 

(N 

00 



O 
o 

u 



o 



Chenglin Zhang/ Mengshu Liu,^ Yixi Su,-^ Louis-Pierre Regnault,'' Meng Wang,-'^'^ 
Guotai Taii,i'5 Th. Briickel,^ Takeshi Egami/' '^^ ^ and Pengcheng Dai^-^-Q 

'Department of Physics and Astronomy, The University of Tennessee, Knoxville, Tennessee 37996-1200, USA 

^ Julich Centre for Neutron Science JCNS-FRM II, 
Forschungszentrum Julich GmbH, Outstation at FRM II, 
Lichtenbergstrasse 1, D-85747 Garchmg, Germany 
'^Institut Laue-Langevm, 6, rue Jules Horowitz, BP 156, 38042 Grenoble Gedex 9, France 
^Beijing National Laboratory for Gondensed Matter Physics, 
Institute of Physics, Ghmese Academy of Sciences, Beijing 100190, Ghina 
^Physics Department, Beijing Normal University, Beijing 100875, Ghina 
^Julich Centre for Neutron Science JGNS and Peter Grunberg Institut PGI, 
JARA-FIT, Forschungszentrum Julich GmbH, 52425 Julich, Germany 

''Department of Materials Science and Engineering, 
The University of Tennessee, Knoxville, Tennessee 37996-1200, USA 
^ Joint Institute of Neutron Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA 

(Dated: January 9, 2013) 

We use polarized inelastic neutron scattering (INS) to study spin excitations of optimally hole- 
doped superconductor Bao.67Ko.33Fe2As2 (Tc = 38 K). In the normal state, the imaginary part of 
the dynamic susceptibility, x"(Qi'^), shows magnetic anisotropy for energies below ~7 meV with 
c-axis polarized spin excitations larger than that of the in-plane component. Upon entering into the 
superconducting state, previous unpolarized INS experiments have shown that spin gaps at ~5 and 
0.75 meV open at wave vectors Q = (0.5, 0.5, 0) and (0.5, 0.5, 1), respectively, with a broad neutron 
spin resonance at Er = 15 meV. Our neutron polarization analysis reveals that the large difference 
in spin gaps is purely due to different spin gaps in the c-axis and in-plane polarized spin excitations, 
resulting resonance with different energy widths for the c-axis and in-plane spin excitations. The 
observation of spin anisotropy in both opitmally electron and hole-doped BaFe2As2 is due to their 
proximity to the AF ordered BaFe2As2 where spin anisotropy exists below Tjv. 

PACS numbers: 74.70.Xa, 75.30.Gw, 78.70.Nx 
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Neutron polarization analysis has played an important 
role in determining the magnetic structure and excita- 
tions of solids^. For high-transition temperature (High- 
Tc) copper oxide superconductors derived from hole or 
electron-doping from their antiferromagnetic (AF) par- 
ent compounds, neutron polarization analysis have con- 
clusively shown that the collective magnetic excitation 
coupled to superconductivity at the AF wave vector of 
the parent compounds, termed neutron spin resonance^, 
has a magnetic origin^^— . Furthermore, by carrying out 
neutron polarization analysis with a spin-polarized in- 
cident neutron beam along the scattering wave vector 
Q = ki — k/ (where k^ and k/ are the incident and fi- 
nal wave vectors of the neutron, respectively), x||Q; per- 
pendicular to Q but in the scattering plane, yJ-Q; and 
perpendicular to Q and the scattering plane, z±Q, one 
can use neutron spin flip (SF) scattering cross sections 
tjf^, (Tyy , and erf J to determine the spatial anisotropy of 
spin excitations^. If the resonance is an isotropic triplet 
excitation of the singlet superconducting ground state, 
one expects that the degenerate triplet would be isotropic 
in space as pure paramagnetic scattering^. For optimally 
hole-doped copper oxide superconductor YBa2Cu306.9 
(Tc = 93 K), neutron polarization analysis reveals that 
spin excitations in the normal state are spatially isotropic 
and featureless for energies 10 < i? < 60 meV, consistent 



with pure paramagnetic scattering. Upon entering into 
the superconducting state, a quasi-isotropic spin reso- 
nance occurs at E,. = 40 meV to within the precision of 
the measurements and a spin anisotropy develops in the 
lower energy 10 < < 30 meV, resulting in a clear spin 
gap below 22 meV for the c-axis polarized dynamic sus- 
ceptibility x" and in-plane x'a/b ^'^'^ E > IQ mcV^. The 
low-energy spin anisotropy is likely due to spin-orbit cou- 
pling in the system. For optimally electron-doped copper 
oxide superconductor Pro.88LaCeo.i2Cu04_5, spin exci- 
tations are isotropic both above and below T^. There- 
fore, the spin anisotropy in the superconducting state of 
hole-doped YBa2Cu306.9 is unrelated to the normal state 
paramagnetic scattering. 

Like copper oxide superconductors, superconductivity 
in iron pnictides also arises when electrons or holes are 
doped into their AF parent compound^iSr— . Further- 
more, unpolarized neutron scattering experiments have 
shown that both hole and electron-doped iron pnictides 
exhibits a neutron spin resonance similar to copper ox- 
ide superconductors^^"— . In the initial polarized neutron 
scattering experiment on optimally electron-doped super- 
conductor BaFe1.9Nio.1As2 {Tc = 20 K), Xc ■^8'^ found 
to be much larger than for energies 2 < E < Q 

meV below Tn , while the resonance at Er — 7 meV 
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isotropic paramagnetic scatter- 
10 meV) were found to become 



is only weakly anisotropio^. In a subsequent polarized 
neutron scattering measurement on undoped AF parent 
compound BaFe2As2 
ing at low- energy (E 
anisotropic spin waves below the Neel temperature T^v 
with a much larger in-plane ix'a/b) spin gap than that 
of the out-of-plane gap (x")- These results indicate a 
strong single-ion anisotropy and spin-orbit coupling, sug- 
gesting that more energy is needed to rotate a spin within 
the orthorhombic a-b plane than rotating it to the c- 
axis^^. However, similar polarized neutron experiments 
on electron-overdoped BaFei.85Nio.i5As2 (Tc = 14 K), 
which is far away from the AF ordered phase, reveal 
isotropic paramagnetic scattering both above and below 
T^. Very recently, Steffens et al. report evidence for two 
resonance-like excitations in the superconducting state 
of optimally electron-doped BaFei.88Coo.i2As2 {Tc = 24 
K). In addition to an isotropic resonance at = 8 meV 
with weak dispersion along the c-axis, there is a reso- 
nance at i? = 4 meV polarized only along the c-axis with 
strong intensity variation along the c-axis^. In the nor- 
mal state, there are isotropic paramagnetic scattering at 
AF wave vectors with L = and weak anisotropic scat- 
tering with a larger c-axis polarized intensity at L = 1—. 

If the observed anisotropic magnetic scattering in 
the superconducting state of optimally electron-doped 
BaFei.9Nio.iAs2T^ and BaFei.88Coo.i2As2r^ are in- 
deed associated with the anisotropic spin waves in 
BaFe2As2r^, one would expect similar anisotropic spin 
excitations in hole-doped materials not too far away from 
the parent compound. In this paper, we report neu- 
tron polarization analysis on spin excitations of the op- 
timally hole-doped superconducting Bao.67Ko.33Fe2As2. 
From the previous unpolarized INS work on the same 
sample, we know that spin excitations in the supercon- 
ducting state have a resonance at Ej. = 15 meV, a small 
spin gap {Eg w 0.75 meV) at Q = (0.5,0.5,0) and a 
large gap {Eg — 5 meV) at (0.5, 0.5, \)^. In the nor- 
mal state, spin excitations at both wave vectors are gap- 
less and increase linearly with increasing energyi^. Our 
polarized INS experiments reveal that the persistent low- 
energy spin excitations at the AF wave vector (0.5, 0.5, 1) 
below Tc are entirely c-axis polarized. Although there 
is also superconductivity-induced spin anisotropy simi- 
lar to optimally electron-doped BaFei.gNig.iAsa^ and 
BaFei.88Coo.i2As2^^, the low-energy c-axis polarized spin 
excitations do not change across Tc and therefore cannot 
have the same microscopic origin as the spin isotropic 
resonance at Er — 15 meV. We suggest that the per- 
sistent c-axis polarized spin excitations in the supercon- 
ducting state of optimally hole and electron-doped iron 
pnictide superconductors is due to their proximity to the 
AF ordered parent compound. Their coupling to super- 
conductivity may arise from different contributions of Fe 
3dx2-Y^ and -idxz/YZ orbitals to superconductivity^^. 

Single crystals of Bao.67Ko.33Fe2As2 are grown by a 
self-flux method"'^^. About 10 grams of single crystals are 
coaligned in the [H, H, L] scattering plane (with mosaic- 
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FIG. 1: (Color online) Neutron polarization analysis deter- 
mined c-axis (xc oc Mooi) and in-plane {Xa/b Mno) com- 
ponents of spin excitations in Bao.67Ko.33Fe2As2 from raw SF 
constant-Q scans at Q = (0.5, 0.5, 0) and and (0.5, 0.5, 2). To 
extract Mooi and Mno, we use methods described in Ref.— 
and assume M^jq = Afiio in the tetragonal crystal, (a) En- 
ergy dependence of Mqoi and Mno at T = 45 K. (b) Iden- 
tical scans at T = 2 K. (c) The solid and open circles show 
the temperature difference (2 K— 45 K) for iV/ooi and Mno, 
respectively, (d) The sum of uf^ + ayy + crff at 45 and 2 
K. Since background scattering is not expected to change be- 
tween these temperatures^^, such a procedure will increase 
statistics of magnetic scattering. The black data points are 
collected at Q = (0.5,0.5,0) with kf = 2.66 A"\ while the 
red data points are at Q = (0.5,0.5, 1) with kj — 3.84 A~^. 
The solid and dashed lines are guided to the eyes. 



ity 3° at full width half maximum) with a tetragonal unit 
cell for which a = b = 3.93 A, and c = 13.29 A. In this 
notation, the vector Q in three-dimensional reciprocal 
space in A~^ is defined as Q = Ha* + Kh* + Lc*, where 
H, K, and L are Miller indices and a* — a27r/a,b* = 
b27r/5, c* = c27r/c are reciprocal lattice vectors. Our 
polarized INS experiments were carried out on the IN22 
triple-axis spectrometer with Cryopad capability at the 
Institut Laue-Langevin in Grenoble, France. The fixed 
final neutron wave vectors were set at kf — 2.66 A~^ 
and kf = 3.84 A~^ in order to close the scattering trian- 
gles. To compare with previous polarized INS results on 
iron pnictides2i"— , we converted the measured neutron 
SF scattering cross sections cr^^, ayy, and crff into c-axis 
(Afooi) and in-plane (Mhq) components of the magnetic 
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FIG. 2: (Color online) Constant-Q scans at Q = (0.5, 0.5, 1) 
below and above T^. (a) Energy dependence of Mooi and 
Miio at T = 45 K and (b) at 2 K. The superconductivity- 
induced spin gaps are at < 2 and 7 meV for Mooi and Mno, 
respectively. At resonance energy of Er = 15 meV, the scat- 
tering is isotropic, (c) The solid and open circles show the 
temperature difference (2 K— 45 K) for Mooi and Mno, re- 
spectively, (d) The sum of af^ -|- -\- crf^ at 45 and 2 K. 
The solid and dashed lines are guided to the eyes. 



scatterings^. 

Figure 1 shows energy scans above and below Tc at 
wave vectors Q = (0.5, 0.5, 0) and (0.5, 0.5, 2). We chose 
these two equivalent wave vectors with different fixed fi- 
nal neutron energies to satisfy the kinematic condition 
for the large covered energy range. Since the iron mag- 
netic form factors, geometrical factors, and instrumental 
resolutions are different at these two wave vectors, we use 
left and right scales for Q = (0.5, 0.5, 0) and (0.5, 0.5, 2), 
respectively. In the normal state (45 K), spin anisotropy 
for energies below E ^ 7 meV is clear with Afooi (x") 
larger than Mno (xl'/b) [Fig- ^i^)]- For E > 7 meV, spin 
excitations are nearly isotropic. This is different from 
electron-doped BaFei.88Coo.i2As2, where paramagnetic 
scattering at Q = (0.5,0.5,0) is isotropic above T^. 
In the superconducting state (2 K), Afooi and Muq in 
Bao.67Ko.33Fe2As2 vanish below 5 meV, consistent with 
opening of a superconductivity-induced spin gap [Fig. 
l(b)]^^. From E = 5 meV to the resonance energy at 
Er — 15 meV, both Mqqi and Afno increase with increas- 
ing energy, but with different slope resulting significant 
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FIG. 3: (Color online) Energy dependence of spin anisotropy 
as determined by the difference between Mooi — Mno for tem- 
peratures (a) 45 K and (b) 2 K at wave vector Q — (0.5, 0.5, 0) 
and Q = (0.5, 0.5, 2) . Similar differences above (c) and below 
(d) Tc at Q = (0.5, 0.5, 1). The energy width is broader in (d) 
compared with (b). The solid and dashed lines are guided to 
the eyes. 



spin anisotropy (Mooi > Muq) appearing near E ^ 8 
meV [Fig. 1(b)]. This is similar to the spin anisotropy in 
BaFei.88Coo.i2As2^. Figure 1(c) shows the temperature 
difference of magnetic scattering, revealing net intensity 
gains for Mooi and Muq only above ^7 and 10 meV, re- 
spectively. Figure 1(d) shows the sum of the SF magnetic 
scattering intensities for three different neutron polariza- 
tions, which improve the statistics, above and below T^. 
Consistent with Fig. 1 (c) , the superconductivity- induced 
net magnetic intensity gain appears only above ~7 meV, 
forming a resonance at = 15 meV. 

Figure 2 summarizes the identical scans as that of Fig. 

1 at the AF wave vector Q = (0.5,0.5, 1) above and be- 
low Tc- At r = 45 K, we see clear spin anisotropy below 
E ^ 7 meV with Mooi > Mno similar to the spin exci- 
tations at Q = (0.5,0.5,0) [Fig. 2(a)]. Upon cooling to 

2 K, a large spin gap opens below E ^ 7 meV in Mno, 
but there is still magnetic scattering in Mooi extending 
to at least 2 meV. Therefore, the low-energy signal above 
^1 meV at Q = (0.5,0.5,1) reported in the earlier un- 
polarized neutron measurements^ are entirely c-axis po- 
larized magnetic scattering. The neutron spin resonance 
at Er = 15 is isotropic. The temperature difference plots 
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FIG. 4: (Color online) Constant-energy scans along the 
[H, H, 0] and [H, H, 1] directions at an energy transfer of 
E — 4 meV for different neutron polarization directions, (a) 
Neutron SF scattering cross sections a^^, ""toj B.nd a"ff at 
45 K along the [H, H, 0] direction. Similar scans along the 
[H, H, 1] direction at (b) 2 K and (c) 45 K. All data are ob- 
tained with kf = 2.66 A . The solid lines are fit by Gaussian. 



between 2 and 45 K display a broad and narrow peak for 
Mqoi and Mno, respectively [Fig. 2(c)]. Fig. 2(d) shows 
the sum of SF magnetic scattering below and above Tc- 
Consistent with unpolarized work—, we see net inten- 
sity gain of the resonance in the superconducting state 
for energies above E ^ 7 meV, different from that of 
BaFei.88Coo.i2As2 where the magnetic intensity starts 
to gain above E = 4 meV in the superconducting state 
[Fig. 4(b) in24]. 

To further illustrate the effect of spin anisotropy, we 
plot in Figs. 3(a)-3(d) the differences of (A/qqi — Mno) 
above and below Tc at wave vectors Q — (0.5,0.5,0) 
and (0.5,0.5, 1). In the normal state, we see clear mag- 
netic anisotropy with Mqqi > Mno for energies below 
~7 meV [Figs. 3(a) and 3(c)]. In the superconducting 
state, the (Mqoi — Mno) differences reveal similar inten- 
sity peaks centered around ~7 meV at Q = (0.5,0.5,0) 
and (0.5,0.5,1), but with a much broader width for 
Q ^ (0.5,0.5,1) [Figs. 3(b) and 3(d)]. Since there are es- 
sentially no intensity gain in Afooi across Tc near ~7 meV 
[Figs. 1(c) and 2(c)], the apparent peaks in (Mooi— Mug) 
arise from different responses of Afgoi and Mno across Tc- 
While the intensity of Mqoi across Tc is suppressed below 
~7 meV and enhanced above it, similar cross over energy 
occurs around 10 meV in Mhq, thus resulting peaks near 
7 meV in (A/qoi - Miw) at 2 K [Figs. 3(b) and 3(d)]. 



Therefore, the differences in superconductivity-induced 
spin gaps in Mqoi and Mno at Q = (0.5, 0.5, 0) and 
(0.5,0.5, 1) are causing peaks in (Mqoi — Mno). 

Finally, to confirm the low-energy spin anisotropy dis- 
cussed in Figs. 1-3, we show in Figs. 4(a)-4(c) constant- 
energy scans with three different neutron polarizations 
at = 4 meV along the [H, H, 0] and [H, H, 1] direc- 
tions. In the normal state, cr^^ shows clear peaks at 
Q = (0.5,0.5,0) and (0.5,0.5,1) [Figs. 4(a) and 4(c)]. 
In both cases, we also find crf^ > erf J > cr^^, thus con- 
firming the anisotropic nature of the magnetic scattering 
with Mqoi > Mhq. In the superconducting state, while 
crff and erf J are peaked at (0.5,0.5,1), is feature- 
less. These results again confirm the presence of a larger 
superconductivity-induced spin gap in Afno than that in 
Mooi [Fig. 2(b)].' 

From Figs. 1-4, we see anisotropic spin suscepti- 
bility in both the normal and superconducting state 
of Bao.67Ko.33Fe2As2, different from optimally electron- 
doped BaFei.88Coo.i2As2 where the anisotropy is be- 
lieved to emerge only with the opening of the supercon- 
ducting gap2i. Furthermore, our data reveal that large 
differences in the superconductivity-induced spin gaps at 
Q = (0.5,0.5,0) and (0.5, 0.5, l)i£ arise from the differ- 
ences in spin gaps of c-axis polarized spin excitations. 
These results are similar to the previous work on electron- 
doped BaFei.9Nio.iAs2^i' and BaFei.88Coo.i2As2^, sug- 
gesting that the influence of a strong spin anisotropy in 
undoped parent compound BaFe2As2^^ extends to both 
optimally electron and hole-doped iron pnictide super- 
conductors. For comparison, we note that spin excita- 
tions in superconducting iron chalcogenides are different, 
having slightly anisotropic resonance with isotropic spin 
excitations below the resonanc o^^i^"^ . 

In Ref.^^, it was suggested that the observed spin 
anisotropy in BaFei.88Coo.i2As2 can be understood as a 
c-axis polarized resonance whose intensity strongly varies 
with the c-axis wave vector. This is not the case in 
Bao.67Ko.33Fe2As2 since we find much weaker c-axis mod- 
ulation of the magnetic intensitjJ^. Therefore, the spin 
anisotropy seen in optimally electron and hole-doped su- 
perconductors is a consequence of these materials being 
close to the AF ordered parent compound BaFe2As2, 
where spin-orbit coupling is expected to be strong^"—, 
and is not fundamental to superconductivity of these ma- 
terials. To understand how spin anisotropy in optimally 
hole and electron-doped iron pnictide superconductors 
might be coupled to superconductivity via spin-orbit in- 
teraction, we note that hole and electron-doped iron pnic- 
tides are multiband superconductors with different su- 
perconducting gaps for different orbitals. If c-axis and 
in-plane spin excitations arise from quasiparticle excita- 
tions of different orbitals between hole and electron Fermi 
pocketsSi, the large differences in superconducting gaps 
for Fermi surfaces of different orbital characters might 
induce the observed large spin anisotropy. 
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